. Since a similar hydrophobic region present in the voltage-gated K+ channels has been shown to contribute to the pore structure of these channels, the Ml-H5-M2 domain is thought to serve the same function within IRKS (Kubo et al., 1993a To measure voltage-and G protein-induced currents generated by wild-type and chimeric IRKS, we injected Xenopus oocytes with RNAs encoding the channel protein, m2 mAChR, Ga13, GB1, and Gy2. Whole-cell currents were measured in a 90 mM extracellular K+ recording solution; under these conditions, the predicted reversal poten- tial for a K+-selective current is 0 mV. Oocytes injected with RNAencoding RB-IRK2 displayed large, inward whole-cell currents that reached a maximum amplitude at the start of each voltage pulse (Figure 2A ). Furthermore, FIB-IRK2 currents were unaltered following activation of the m2 mAChR with 10 uM carbachol (data not shown). In contrast, small inward currents were detected in GIRKexpressing oocytes only after the m2 mAChR was stimulated with carbachol. Analysis of the carbachol-induced current, obtained by subtracting the precarbachol current traces from the postcarbachol traces, revealed the slow rate atwhich GlRKcurrents reached their maximum amplitude during each voltage pulse (see Figure 3A ) (Kubo et al., 1993b) . As expected for a direct G protein activation mechanism, the onset of GIRK currents occurred in less than 1 s (0.8 f 0.1 s, n = 12) after agonist application. Therefore, the carbachol dependence and relatively slow gating of GIRK currents readily distinguished the responses of this channel from those of the structurally related RB-IRK2.
We constructed avariety of chimeras based on the putative four domain structure (N/Ml-H5-M2IClIC2) shown in Figure 1 , although many of these failed to generate functional channels (see Experimental Procedures). Several chimeric channels were expressed in oocytes and characterized by their ability to generate ionic currents in response to changes in membrane potential and agonist activation of the m2 mAChR. Transfer of either the N or C2 (D) channels are shown. Oocytes were injected with in vitro transcribed RNAs encoding the m2 mAChR, G protein subunits up, fi,, and y2, and the indicated channels.
Because the RB-IRKP, GR3, and RG2 currents were typically IO-fold larger (20-80 PA) than those displayed by GR7, only 1 ng of these transcripts was injected, versus 10 ng of GR7 RNA, to produce whole-cell currents less than 15 DA. Cells were recorded in high (90 mM) K+ saline resulting in a predicted K+ reversal potential of 0 mV. I-V plots were obtained from the steady-state currents of the basal, nonsubtracted traces shown at left. RB-IRKP, RG2, GR3, and GR7 currents were not affected by activation of the m2 mAChR with 10 KM carbachol.
domain of GIRK into the corresponding region of RB-IRK2 resulted in two chimeric proteins, GR3 and RG2, respectively, that evoked robust, inwardly rectifying K+ currents when the membrane potential was held negative to Ek (Figures 28 and 2C ). The magnitude and kinetics of GR3 and RG2 currents closely resembled the responses recorded from RB-IRKBinjected oocytes; moreover, the currents generated by both chimeras were unaffected by the addition of carbachol (data not shown). When both the N and C2 regions of GIRK were exchanged for the corresponding sequences of RB-IRK2, the resulting chimeric channel, termed GR7, activated rapidly in response to membrane hyperpolarization, but produced whole-cell currents of much smaller magnitude than those of RB-IRK2, GR3, or RG2 ( Figure 2 ). These relatively small whole-cell currents may reflect a property of individual GR7 channels or lower levels of expression compared with those of other channel proteins. As with chimeras GR3 and RG2, the currents generated by GR7 were not altered by agonist stimulation of the m2 mAChR (see below).
Exchange of the carboxy-terminal C2 region of RB-IRK2 into GIRK resulted in a chimeric channel, termed GR2, that did not exhibit IRK activity when the membrane potential was held at hyperpolarized potentials. However, immediately following the application of carbachol, GR2-expressing oocytes displayed inwardly rectified currents that were similar in kinetics, yet much smaller in magnitude, than those conducted by the GIRK channel ( Figure  3C ). GIRK-based chimeras containing the N, Ml-H5-M2, or Cl regions derived from RB-IRK2 did not produce voltage or carbachol-activated channels in RNA-injected oocytes. We also constructed deletion mutants of GIRK to test the importance of sequences within the N domain that are poorly conserved with RB-IRK2. Oocytes expressing GIRK deletion mutants lacking a hydrophilic-rich (residues 5-24) or glutamine-and proline-rich (residues 25-36) region generated carbachol-dependent inward currents that were identical to those of the wild-type GIRK channel (data not shown). Together with analysis of the GR2 chimera, these results indicate that approximately half of the N domain (residues 5-36) and the entire carboxy-terminal C2 region are not specifically required for the G proteindependent activation of GIRK.
Coexpression
of IRKS and CIR Recent functional analysis of cloned IRKS indicates that the native Iw, channel is a heteromultimer composed of GlRKand the related CIRprotein (Krapivinskyetal., 1995) . Therefore, we determined whether CIR could influence the characteristics of the wild-type and chimeric IRKS utilized in our study. Oocytes injected with CIR transcripts alone displayed voltage-dependent IRK activity only after activation of the m2 mAChR with carbachol; these currents presumably arise from homomeric CIR channels ( Figure  3B ). As previously reported, coexpression of GIRK and CIR resulted in a substantial (lo-to 15fold) increase in the amplitude of carbachol-induced currents ( Figure 3A ) (Krapivinsky et al., 1995) . However, oocytes that were coinjected with CIR and RB-IRK2 transcripts generated currents that were greatly reduced compared with the responses recorded from oocytes expressing RB-IRK2 alone (data not shown). Activation of the m2 mAChR evoked a small increase in the inward currents recorded in oocytes coinjected with RB-IRK2 and CIR transcripts; however, these currents were identical in magnitude to the responses recorded in oocytes expressing CIR alone. These results suggest that heteromultimerization with CIR selectively enhances the amplitude of GIRK, but not RB-IRK2, currents.
We coinjected oocytes with RNAs encoding CIR and each of the chimeras, including those that failed to exhibit voltage or G protein-activated currents when expressed on their own. Similar to the effect on the wild-type GIRK channel, coexpression of CIR with chimera GR2 caused a substantial (lo-to 15-fold) increase in the amplitude of m2 mAChR-induced currents without changing the kinetics or carbachol dependence of these responses ( Figure  3C ). Among the several chimeric proteins that failed previously to exhibit channel activity, only chimera RG3, a GIRK-based protein in which only the N domain was derived from RB-IRK2 (see Figure l) , displayed channel activity as a result of coexpression with CIR. Oocytes injected with both RG3 and CIR transcripts exhibited carbacholdependent inward currentsof smaller magnitude but kinetics similar to those recorded in oocytes that coexpressed CIR with either GIRK or GR2 ( Figure 3D ). The GIRK-like responses generated by putative RG3-CIR heteromultimers further suggests that the N domain of GIRK is not specifically required for channel activation by G proteins.
Receptor Activation of Chimera GR7.1 Since the GR7 chimera contained the hydrophobic pore and Cl domains derived from RB-IRK2 and exhibited only the functional characteristics of this channel, we constructed related chimeras to determine whether the introduction of additional GIRK sequences within the con- Carbachol-induced currents obtained as in Figure 3 are shown from oocytes injected with transcripts encoding the m2 mAChR, Gagy, and GR7 (A) or GR7.1 (B). (A) m2 mAChR activation by IO PM carbachol had no effect on basal GR7 currents (3% r 1% carbachol-induced increase, n = IO). The GR7-expressing cell was held at 0 mV in 90 mM K+ saline and stepped from +40 to -100 mV in 20 mV increments. (B) Activation of the m2 mAChR with 10 mM carbachol enhanced the inwardly rectified K+ current in GR7.1-expressing oocytes (42% f 5% carbachol-induced increase, n = 16). Representative traces obtained in 90 mM K+ saline are shown. The GR7.1 oocyte was held at 0 mV and pulsed from +45 to -90 mV in 15 mV increments. (C) The I-V relationship of the carbachol-enhanced GR7.1 currents was obtained by repeating the voltage protocol on the same oocyte before and after m2 mAChR activation in the following K+ concentrations: open circles, 90 mM; closed triangles, 45 mM; open squares, 22.5 mM; and closed diamonds, 11.25 mM with Nat substituted for K+. served Cl region could confer G protein regulation upon the resulting channels. One such chimera, designated GR7.1, contained the N, C2, and carboxy-terminal 67 residues of the Cl region derived from GIRK (see Figure 1) . This chimera exhibited voltage-dependent K+ currents of a magnitude similar to those recorded in oocytes expressing GR7. However, unlike the parental GR7chimera, the basal inward K+ currents conducted by GR7.1 channels were enhanced immediately after activation of the m2 mAChR (Figure 4) . The amplitude of whole-cell GR7.1 currents recorded at -100 mV increased by 42% f 5% (n = 16) following carbachol addition, while GR7 currents were essentially unaffected by m2 mAChR signaling (3% f 1% increase, n = 10) (Figure 4) . The reversal potential of the carbachol-induced GR7.1 current shifted with changes in the external K+ concentration in agreementwith the Nernst equation for a K+-selective conductance ( Figure 4C ). In addition, the basal and carbachol-induced current was blocked by the external application of the K+ channel blocker barium (100 PM final concentration; data not shown). The onset of GR7.1 current enhancement occurred in less than 1 s (0.7 2 0.1 s, n = 10) after carbachol addition and thus resembled the time course of GIRK activation by the m2 mAChR (0.8 & 0.1 s, n = 12). Oocytes coinjected with CIR and GR7 or GR7.1 transcripts failed to produce significant voltage-dependent IRK currents, although carbachol did evoke small inward currents of a magnitude comparable to those recorded in oocytes expressing CIR alone (data not shown). Thus, unlike the G protein-activated GIRK, RG3, and GR2 channels, the magnitude of carbachol-stimulated GR7.1 currents was not enhanced by coexpression with CIR.
GOT Binding to IRK Cytoplasmic
Domains Previous electrophysiological studies suggest that activation of lKAch by GPY subunits may involve a direct interaction between the channel and G protein (Wickman et al., 1994; Reuveny et al., 1994) . To investigate this possibility further, we expressed the domains of GIRK flanking the hydrophobic pore region as glutathione S-transferase (GST) fusion proteins (GIRK-N, GIRK-Cl, GIRK-C2) and tested for their ability to bind GBv. As controls, we also tested the GST protein alone or GST fused to the fi-adrenergic receptor kinase pleckstrin homology domain (PARK-PH), a known Gb,-binding protein (Koch et al., 1994) . Each GST fusion protein was purified from bacteria by immobilization on glutathione-conjugated agarose beads and incubated with total cell extracts derived from 293 cells that were transiently transfected with plasmids encoding murine Gpl and G, (Tsukadaet al., 1994) . Following washing, proteins bound to the agarose beads were released by boiling and analyzed by immunoblotting with a GB,-specific antisera. Interestingly, we observed Gg, protein binding to both the N and the Cl regions of GIRK, as well as the positive control BARK-PH domain, but not to the GIRK C2 region or GST alone ( Figure 5A ). These results are consistent with the possibility that GPr subunits activate GIRK by interacting directly with the Cl and N regions.
Functional analysis of the GR7 and GR7.1 chimeras revealed that while both channel proteins displayed voltage-dependent IRK activity, only GR7.1 currents were enhanced by signaling through the m2 mAChR (see Figure  4 ). These two chimeras differ only within the Cl domain: this region of GR7 is composed entirely of RB-IRK2 sequences, while the GR7.1 contains 67 residues derived from GIRK (see Figure 1) . Therefore, to investigate whether activation of a wild-type or chimeric IRK channel by the m2 mAChR correlated with the capacity of the Cl region to interact with Gpv subunits, we analyzed GST fusion proteins containing the Cl domain of GIRK, RB-IRK2, and GR7.1 by using the in vitro binding assay described above. Interestingly, the Cl region of GIRK and GR7.1 displayed equivalent GPI binding as detected by immunoblotting with the GB1-specific antisera( Figure  5B ). In contrast, the Cl region of RB-IRK2 did not interact significantly with GBu subunits. Therefore, the GR7.1 chimera not only Figure 1 . Purified GST proteins immobilized on glutathione-conjugated agarose beads were incubated with a crude cell lysate derived from 293 cells that were transiently transfected with expression vectors encoding G,, and G+ After washing, proteins bound to beadswere released by boiling and separated by SDS-PAGE.
Gg, protein was detected by immunoblotting with anti-!31 antisera (top), and GST fusion proteins were detected by Coomassie staining (bottom). (6) GpqY2 associates with the Cl domain from both GIRK and GR7.1, but to a much lesser extent with the Cl domain of RB-IRK2. The assay was performed as described in (A (Ho et al., 1993; Goulding et al., 1994; Wei et al., 1994 All possible chimeras based on the four-part structure depicted in Figure 1 were constructed by polymerase chain reaction (PCR) as described (Lechleiter et al., 1990) ; only the chimeras shown exhibited channel activity. The amino acid boundaries of the channel domains are as follows: GIRK-N and RB-IRKP-N, i-83: GIRK-Ml-HS-M2
and RB-IRK2-Ml-H5-M2, 84-181; . To construct GR7.1, an Xhol site was introduced into GIRK at nucleic acid residue 862; an Xhol site exists at theequivalent position in RB-IRKPand, consequently, inchimeraGR7. DNA encoding amino acids 290-501 of GIRK (beginning at the Xhol site) was subcloned in place of the sequences encoding the 213 carboxy-terminal amino acids of chimera GR7 to construct GR7.1. Deletion mutants of GIRK were constructed as described (Kunkel and Peralta, 1993 ). All consfructs were confirmed by dideoxynucleotide sequencing.
